Background: EmrE is a multidrug transporter. Results: NMR spectroscopy was used to reveal a structured loop adjoining the substrate-binding and dimerization domains. Conclusion: The linker structure and composition are conserved across the small multidrug resistance family and necessary for ion-coupled transport. Significance: Loops in secondary active transporters can play an active role in efflux pump function and require characterization in lipid bilayers.
Efflux of antibiotics and antiseptics across the lipid membrane is a mechanism bacteria employ to survive the insults of toxic molecules. Secondary active transport requires coupling with the proton motive force to facilitate drug movement against the concentration gradient that ultimately prevents drugs from interacting with their intended intracellular targets (1, 2) . There are five families of efflux pumps associated with multidrug resistance: multi-antimicrobial extrusion proteins (MATE), major facilitator superfamily (MFS), 3 ATP-binding cassette (ABC) superfamily, small multidrug resistance (SMR) family, and resistance nodulation division (RND) family (1) . The SMRs are membrane protein transporters with 100 -140 residues and four transmembrane (TM) domains that confer resistance to a wide variety of toxic compounds, including ethidium, dequalinium, methyl viologen, and acriflavine (3) (4) (5) . These proteins are the smallest known efflux pumps, which makes them an excellent model system for understanding ioncoupled active transport as well as molecular recognition mechanisms involved in multidrug resistance (6) .
EmrE from Escherichia coli, consisting of 110 residues and four transmembrane domains, has been the most extensively studied SMR protein (3) . Although a significant number of biochemical and biophysical studies have been conducted, an atomic resolution structure of the backbone and side chains has prevented a complete understanding of ion-coupled transport and the nature of the substrate-binding pocket. The highest resolution structural model is a TPP ϩ -bound crystal structure at 3.8 Å resolution (7) , which together with cryo-electron microscopy, NMR, and fluorescence data (8 -13) supports the presence of an asymmetric and antiparallel homodimer. Previous experiments have shown that dimer stability is reduced by Cys substitutions at Gly 90 , Ile 94 , Gly 97 , Ile 101 , and Asn 102 that are likely involved in interhelical packing between the monomers (14, 15) . In fact, studies of the EmrE homologue Hsmr from Halobacterium salinarum are also consistent with these results showing that mutations at similar positions (G90V, G97V, and V98A) abolish ethidium resistance and destabilize the dimer as assessed by gel electrophoresis (16) . Taken together with the structural data (7, 13) , it appears that the dimer stability of EmrE is dictated by interhelical contacts between TM4, whereas TM1-3 helices comprise the substratebinding chamber. Because the dimer stability is a critical aspect of the function of SMR proteins, an unanswered question in the field is whether the loop connecting the dimerization and substrate-binding domains plays an active or a passive role in the ion-coupled transport activity. Indeed, loops have been shown to play important roles in membrane protein function, assembly, stability, and topology (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . For example, membrane protein topology has been shown to be driven by the positiveinside rule, where the loops possessing the largest net number of positively charged residues are oriented toward the cytoplasmic side of the bilayer (17) (18) (19) (20) . In addition, loops can stabilize the structure, as is known for the outer membrane protein OmpA, which enables its function as a bacteriophage receptor (21) . Within the MFS family, conserved cytoplasmic loops are necessary for a variety of functions, including proper insertion and assembly (22) , transport of lactose with LacY (22, 23) , antiport of tetracycline by TetA (24 -26) , and chemotaxis driven by PcaK (27) . However, some loops connecting TM domains seem to possess no specific composition requirement, such as the central linker that connects TM1-6 with TM7-12 in the MFS family (22) . These experiments carried out with lactose permease showed that the loop length is conserved and necessary to act as a temporal delay in membrane insertion rather than a specific functional role in the transporter (22) .
To unveil the atomic-scale traits of the loop adjoining the dimerization helix with the substrate-binding chamber in EmrE, we carried out a structure-function study using resistance assays and NMR spectroscopy in lipid bilayers. The ␤-strand character revealed from NMR chemical shifts and the sequence homology analyses suggest structural conservation across the SMR family, which uncovers important clues into the active role this loop plays in the inward-open to outward-open conformational transition in the dimer.
EXPERIMENTAL PROCEDURES
Resistance Assays-Wild-type EmrE in a pMS119EH vector was a generous gift from Prof. Raymond Turner (University of Calgary). Resistance against ethidium bromide was performed with the following nine constructs: wild-type EmrE, Q81G, R82G, L83G, D84G, L83G/D84G, R82G/L83G/D84G (GGG), 4 a 6-Gly insert EmrE (6G-RLD), and an EmrE construct lacking a ribosome-binding site (No RBS). All of the mutants were created with an Agilent site-directed mutagenesis kit. Freshly transformed BL21(DE3) cells were grown to an A 600 of 1.0 and plated as serial dilutions from 10 0 to 10 Ϫ6 onto pH 7.0 LB-agar plates containing 100 g/ml carbenicillin. The plate with ethidium bromide contained 50 g/ml. All plates were made in duplicate. The control plates contained carbenicillin without the addition of ethidium to ensure accurate dilutions between the different EmrE mutants.
Expression and Purification of EmrE for NMR Spectroscopy-[U-13 C, 15 N]EmrE and [2-13 C, 15 N]Leu EmrE were expressed and purified as a fusion protein with maltose-binding protein as described previously (8, 9, 28, 29) . Reverse-labeled Phe, Leu, and Thr (revFLT) EmrE was expressed as described previously (28) in a minimal medium containing 15 15 N]EmrE back-exchanged to 1 H at the amide positions was reconstituted into q ϭ 0.33 DMPC/DHPC bicelles, where q is the ratio between long-chain and short-chain lipids, as described previously (9) . For magic-angle spinning (MAS) sample preparation, EmrE in n-dodecyl ␤-D-maltoside detergent was reconstituted into DMPC or 3:1 DMPC:DMPG liposomes as described previously (9, 28, 29) . Briefly, each EmrE sample was reconstituted into liposomes at a lipid:protein ratio of 75:1 (mol:mol) using Bio-Beads (Bio-Rad) at 45-fold excess relative to detergent (w/w). After incubation for 12 h at 4°C, proteoliposomes were pelleted with ultracentrifugation and resuspended in NMR buffer (20 mM Hepes, 20 mM NaCl, 50 mM DTT, 0.05% NaN 3 , pH 6.9). Following a second ultracentrifugation step, proteoliposomes were partially dehydrated using lyophilization and rehydrated with water prior to packing between sample spacers in a 3.2-mm thin-walled MAS rotor.
MAS Solid-state NMR Spectroscopy-Data were collected on an Agilent DD2 600-MHz ( 1 H frequency) spectrometer with a triple-resonance BioMAS probe triply tuned to 1 H, 13 C, and 15 N or doubly tuned to 1 H and 13 C (30). The sample temperature was set to 2, 6, or 9°C as determined by methanol calibration (31), the spinning rate was set to 12.5 kHz (unless otherwise noted), and the relaxation delay was set to 2 s. In NCA-and NCO-based experiments, the initial 1 H-15 N cross-polarization utilized a contact time of 0.8 -1 ms. The 15 N to 13 CA or 13 CO transfer utilized SPECIFIC-CP (32), where the 15 N offset was set to 121 ppm and the 13 C offset was set to 58 or 177 ppm, respectively. The SPECIFIC-CP used a tangent adiabatic ramp on the nitrogen channel (33) . The ⌬/2 and ␤/2 parameters of the adiabatic cross-polarization were set to 1.2 and 0.3 kHz for the 15 N to 13 C transfer (34) .
The two-dimensional 13 C/ 13 C PDSD experiment (35) for [2-13 C, 15 N]Leu EmrE (see Fig. 3C ) used a 1 H-13 C contact time of 450 s and a mixing period of 800 ms. The indirect dimension was 1562.5 Hz (11.5 ms of maximum evolution time), and the direct dimension was 100 kHz with an acquisition time of 25 ms. The FDR-NCA on revFLT (28) (see Fig. 3E ) had a 15 N spectral width of 2500 Hz (12 ms of maximum evolution time) and a contact time of 3.55 ms. The two-dimensional 13 C/ 13 C doublequantum single-quantum (DQSQ) experiment on revFLT (see Fig. 3B ) was run with a spinning rate of 8.333 kHz. The 1 H-13 C contact time was 0.4 ms. A 480-s SPC5 element was used for excitation and reconversion (36) . The indirect dimension spectral width was set to 16666.7 Hz (6.0 ms of maximum evolution time). For both the FDR-NCA and the DQSQ, the direct dimension was 100 kHz with an acquisition time of 20 ms. The NCACX on U-13 C, 15 N (see Fig. 3A ) was collected using the dual acquisition magic angle spinning (DUMAS) sequence in conjunction with a CAN(CO)CA (37) . The NCACX had a 15 N spectral width of 3125 Hz (9 ms of maximum evolution time), a 15 N- 13 CA contact time of 4.5 ms, and an indirect 13 C spectral width of 6250 Hz (4.5 ms of maximum evolution time). The homonuclear 13 C transfer used 15 ms of DARR (38, 39) . The direct dimension spectral width was 100 kHz with an acquisition time of 20 ms. The CAN(CO)CA (40) on U-13 C, 15 N (see Fig. 3A ) used a 1 H-13 C contact time of 0.4 ms, a 13 CA-15 N contact time of 4.5 ms, and a 15 N-13 CO contact time of 5 ms. The homonuclear transfer between 13 CO and 13 CA was carried out using a 15-ms DARR mixing period (38, 39) . The spectral widths and evolution or acquisition times were as follows: indirect 13 C spectral width of 6250 Hz (4.5 ms maximum evolution time), 15 The NCACX and NCOCX on [U-13 C, 15 N]EmrE in 3:1 DMPC/DMPG liposomes (see Fig. 3D ) was collected on a Bruker 750-MHz ( 1 H frequency) spectrometer equipped with an Efree probe (Bruker Biospin). The spinning rate was 13.3 kHz, and the relaxation delay was set to 2.8 s. The 15 N dimension spectral width was set to 2660 Hz (7.9 and 8.6 ms of maximum evolution time for the NCACX and NCOCX, respectively). The indirect 13 C dimension was 6650 Hz (NCACX, 4.8 ms of maximum evolution time) and 2216.7 Hz (NCOCX, 6.3 ms of maximum evolution time). The NCACX used 75 ms of DARR, and the NCOCX used 25 ms of DARR for the 13 C homonuclear transfer (38, 39) . The direct dimensions were 100 kHz and 20 ms of acquisition time. The data were processed and analyzed with NMRPipe (41) and Sparky (71) .
Solution NMR Spectroscopy-Data were collected on Bruker 600-MHz and 800-MHz spectrometers ( 1 H frequency) equipped with TCI CryoProbes. The three-dimensional HNCA was acquired at 45°C using a TROSY-HNCA (42-44) at 800 MHz. The experiment had a 15 N dimension of 2595 Hz (10 ms) and a 13 C dimension of 6037 Hz (9.1 ms). The direct dimension had a spectral width of 11160 Hz and an acquisition time of 46 ms. The relaxation delay was set to 1.2 s. The three-dimensional HNCO was acquired at 45°C using a TROSY-HNCO (42, 44) at 600 MHz. The experiment had a 15 N dimension of 2189 Hz (13.7 ms) and a 13 C dimension of 3320 Hz (14.8 ms). The direct dimension had a spectral width of 9014 Hz and an acquisition time of 89 ms. The relaxation delay was set to 1 s. The threedimensional HN(CA)CO was acquired at 45°C using a TROSY-HNCACO (42-44) at 600 MHz. The experiment had a 15 N dimension of 2067.8 Hz (11.6 ms) and a 13 C dimension of 3320 Hz (13.3 ms). The direct dimension had a spectral width of 9014 Hz and an acquisition time of 57 ms. The relaxation delay was set to 1 s.
Sequence Homology Analysis-Search results from UniProt database belonging to the "small multidrug resistance (SMR) protein family" resulted in 161 reviewed sequences. These were reduced in sequence redundancy to less than 90% using the UniRef90 database (45) . Multiple sequence alignment was performed with Clustal Omega (46) . The sequence logo graph was created using WebLogo (47) and colored using the CINEMA color scheme (48) . Amino acids were ranked in terms of hydrophobicity using the hydrophobicity scale described by Monera et al. (49) .
RESULTS

Truncated EmrE Lacking Transmembrane-4 Is Prone to
Aggregation-Previous work on SMR proteins showed that conserved Gly residues in TM4 play a role in dimer stability (16, 50, 51) . These residues in EmrE correspond to Gly 90 and Gly 97 . When mutated to Cys or Trp residues at these positions, EmrE was found to aggregate in vitro (14) and was unable to confer resistance in vivo (15, 52) . Because our interests were to determine the structural basis for domain coupling between the proposed dimerization and substrate-binding regions of EmrE, we designed a simple experiment to test whether the helices involved in drug binding were stable in the absence of TM4. To do so, we prepared a construct of EmrE with a stop codon inserted after Arg 82 (i.e. no TM4) and purified the truncated protein. The aggregation propensity of this TM1-3 construct was followed using size exclusion chromatography. Fig. 1 shows corresponding chromatograms for truncated and wild-type EmrE in n-dodecyl ␤-D-maltoside detergent micelles. As observed in the plot, wild-type EmrE eluted as a single peak at ϳ12.8 ml, whereas TM1-3 had a large fraction that eluted earlier than the wild-type profile, which was indicative of aggregation and confirmed by gel electrophoresis (data not shown). In addition, the most intense peak shifted to a larger elution volume relative to wild type that is in agreement with destabilization of the dimer quaternary arrangement for the truncated construct. These results are consistent with previous studies that indicate TM4 is necessary for forming a stable EmrE dimer (14 -16, 50, 52) .
Sequence Homology in the Small Multidrug Resistance Family-Based on the truncated EmrE results, a question that emerged was whether a structured loop was required to link the TM4 helix with the substrate-binding domain (TM1-3). Using a bioinformatics approach, we carried out a search of the Uni-Prot database for proteins belonging to the "small multidrug resistance (SMR) protein family." The resulting hits totaled 21,645, which were further narrowed to 161 reviewed proteins in this database and filtered by using the Uniref90 database to group sequences with Ͼ90% redundancy together. Multiple sequence alignment (46) of this group allowed for analysis of residue types and loop lengths. Fig. 2A shows the residue propensity at each position relative to wild-type EmrE. Within the TM3-TM4 loop (loop-3), the residue composition showed a preference for a polar or negatively charged residue at position 81, a hydrophobic residue at position 83, and a polar or anionic residue at position 84 ( Fig. 2A) . With regard to position 83, further analysis showed that ϳ80% of the SMRs analyzed contained a large hydrophobic residue (Fig. 2B) . Interestingly, position 82 was somewhat variable across the SMR family. To determine whether the length of the linker between TM3 and TM4 was conserved, we used the metric of gaps/sequence, starting five residues before the loop (residue 75 in EmrE) to five residues after the loop (residue 90 in EmrE) based on the crystal structure (Protein Data Bank (PDB) 3B5D). Among the 50 sequences in the Uniref90 set, only one gap was found, which suggested that the length of the loop was highly conserved across the SMR family of transporters.
In addition to the sequence homology analysis, we used the REMO server to rebuild the main chain and side chains of the C ␣ -only crystal structure coordinates of EmrE bound to TPP ϩ (53) . Inspection of this rebuilt structure revealed the presence of a possible hydrogen bond between the side chains of Gln 81 and Asp 84 (Fig. 2C ) that may participate in stabilizing the structure of the inward-open-facing conformation of the transporter. Note that loop-3 on the outward-open side did not have the same intra-loop hydrogen bond, which was consistent with differential paramagnetic quenching previously reported for the loops in the TPP ϩ -bound form of EmrE (10) . To further investigate the hydrogen bond network within loop-3, we carried out an evolutionary analysis to identify structural restraints based solely on homologous primary sequences (54) . We surmised that if a hydrogen bond was conserved across the SMR family, both residues involved in the interaction would change in homologues from different species. For example, in Fig. 2 , we observed that the most prominent residue at position 81 was a negatively charged amino acid, whereas Gln and Ser comprised the other common side chains, and alternatively, at position 84, the most common residues were polar side chains (Ser and Asn) with the anionic Asp residue at lower abundance. Of the 50 proteins used to comprise this plot, 94% had a hydrogen bond donor (Arg, Asn, Glu, His, Lys, Ser, Thr, Trp, or Tyr) at position 81 or 84 with a hydrogen bond acceptor (Asn, Asp, Gln, Glu, His, Ser, Thr, or Tyr) at the conjugate position. Only two proteins were identified that showed anionic residues at both sites. Interestingly, both of these proteins are members of the paired SMR subfamily (55) . A heat map was constructed to further quantify these findings that analyzes all residues surrounding loop-3 in the SMR family (Fig. 2D ). As seen in this plot, the only pairwise residues that are highly correlated for hydrogen-bond formation are between 81 and 84. Note that EmrE is atypical of the SMRs analyzed in that it has a hydrogen bond acceptor at position 84 and a hydrogen bond donor at position 81, whereas 84% of the SMRs analyzed had the opposite configuration. A, the consensus logo plot for the loop between TM3 and TM4 was generated from the multiple sequence alignment of SMR sequences from the Uniref90 database. The conservation of residue type shows that the loop tends to have a polar or negatively charged residue at position 81, a hydrophobic residue at position 83, and a polar or negatively charged residue at position 84. For comparison, the sequence of EmrE is displayed below the consensus plot. B, a bioinformatics analysis of position 83 reveals that it is occupied by a very hydrophobic residue (Phe, Ile, Trp, Leu, Val, or Met) (49) in more than 80% of sequences analyzed, with another 10% containing a less hydrophobic Ala at this position. C, the 3.8 Å x-ray crystal structure (PDB 3B5D) (7) with the side chains rebuilt shows a possible hydrogen bond between Gln 81 and Asp 84 . D, the occurrences of hydrogen bond acceptors (Asn, Asp, Gln, Glu, His, Ser, Thr, or Tyr) with hydrogen bond donors (Arg, Asn, Gln, His, Lys, Ser, Thr, Trp, or Tyr) were mapped within each of the 50 sequences of the Uniref90 set to determine the possibility of a hydrogen bond within each sequence. The total occurrences across the set were summed and plotted in the heat map. Across the sequences, a hydrogen bond acceptor was frequently found at position 81, and a hydrogen bond donor typically found at position 84.
NMR Chemical Shifts Reveal a Structured Loop-To obtain experimental structural insight into the conformation of loop-3
in a native-like environment, we carried out solution and solidstate NMR spectroscopy with isotopically enriched EmrE. It is well known that backbone chemical shifts are highly correlated with the secondary structure of the protein (56, 57) . Therefore, to determine the nature of the loop connecting TM3 with TM4, we carried out a series of MAS solid-state NMR (SSNMR) spectroscopy experiments on full-length drug-free EmrE reconstituted into DMPC or 3/1 DMPC/DMPG liposomes (9, 28, 29) . We assigned most of the chemical shifts for loop-3 in a de novo fashion using a suite of two-dimensional and three-dimensional DQSQ, PDSD, NCOCX, NCACX, and CAN(CO)CA SSNMR experiments on U-13 C, 15 N, reverse-labeled (28) , and selectively labeled samples. Fig. 3A shows the backbone walk from Asp 84 to Ala 87 . The only aspartate residue in EmrE is at position 84, and the unique chemical shift served as an anchor point for these unambiguous assignments. Similarly, we were able to carry out a backbone walk between Phe 79 and Gln 81 using strip plots that enabled additional structural information on loop-3 ( Fig. 3D ). Furthermore, we utilized a reverse-labeled Phe-Leu-Thr sample (revFLT) in combination with the FDR-NCA afterglow filter to identify residues located after the reverse-labeled amino acid in the primary sequence (28, 58, 59) . Because Gly 80 is after Phe 79 in EmrE, we observed an N-CA cross-peak for Gly 80 in the FDR-NCA experiment shown in Fig.  3E , which is in good agreement with the data collected with solution NMR on TPP ϩ -bound EmrE (described below). From the CA and CO chemical shifts of Gly 80 , the 15 N chemical shift of Gln 81 was determined using an NCOCX, which allowed for assignment of Gln 81 in the NCACX (Fig. 3D) . Additionally, Phe 79 could be assigned from the 15 N chemical shift of Gly 80 in the NCOCX. Lastly, the Gly 77 -Phe 78 pair was assigned from a two-dimensional CA(N)(CO)CA using [U-13 C, 15 N]EmrE with Note that the orange NCACX (Asp 84 ) was collected with revWIY-labeled EmrE. B, DQSQ experiment with revFLT shows the arginine residues clustered around 55 ppm. Unlike Arg 29 and Arg 106 , Arg 82 is split into two distinct peaks, which results in a weaker signal overall. The assignment for Arg 82 is also in good agreement with data collected from solution NMR (Fig. 4) . C, similarity of chemical shifts in the TPP ϩ -bound form from solution NMR (blue) are directly transferable to spectra collected in the drug-free form with MAS-SSNMR, which provided the assignment for Leu 83 in an 800-ms PDSD experiment on [2-13 C, 15 N]Leu EmrE. D, Gln 81 , Gly 80 , and Phe 79 are visible in NCACX and NCOCX spectra collected at 750 MHz ( 1 H frequency) with [U-13 C, 15 N]EmrE in 3/1 DMPC/DMPG and are in good agreement with data from solution NMR. E, the FDR-NCA with revFLT served as a spectroscopic filter that highlighted residues i ϩ i relative to the reverse labeled amino acids and allowed for the assignment of Gly 80 (28) . F, a two-dimensional CA(N)(CO)CA with [U-13 C, 15 N]EmrE was used to assign Gly 77 and Phe 78 . Fig. 3F displaying the direct dimension region for glycine where all peaks arise from Gly-X pairs in the primary sequence. Based on the possible range of chemical shifts for residue types (57), the only unassigned cross-peak in this region was associated with the CA atoms of Gly 77 and Phe 78 .
From the analysis of the three-dimensional sequential experiments, we observed a gap in the assignment between residues Gln 81 and Asp 84 . The asymmetric nature of the dimer previously observed in solution (9, 10) and oriented solid-state NMR (8, 9) provided a possible explanation for the lack of intensity observed for Arg 82 and Leu 83 : peak splitting resulting in reduced intensities and insufficient signal to noise in the threedimensional experiments. To validate this conclusion, we carried out solution NMR spectroscopy on TPP ϩ -bound EmrE using amide proton back-exchanged 2 H, 13 C, 15 N-labeled EmrE in DMPC/DHPC (q ϭ 0.33) isotropic bicelles (9) . A combination of triple resonance three-dimensional HNCA, HNCO, and HN(CA)CO experiments and previously published work on EmrE (60) was used to assign all residues within the loop (Fig.  4) . We found a close similarity between the backbone chemical shifts assigned from MAS with those of the drug-bound form from solution NMR experiments. Therefore, the chemical shifts for Arg 82 (Fig. 3B) and Leu 83 (Fig. 3C ) that were not identified from three-dimensional experiments in MAS could be assigned in two-dimensional spectra using the assignments from solution NMR data. We note that these peaks in two dimensions are weaker than other residues that did not display peak splitting. From the spectra shown in Fig. 3 , B and C, we were able to observe two chemical shifts for Arg 82 and Leu 83 in the MAS spectra.
The chemical shift assignment in the drug-free and drugbound states enabled us to analyze the secondary structure of EmrE in loop-3. Interestingly, a plot of the C␣ chemical shift index shown in Fig. 5 indicates a close similarity between drugfree and TPP ϩ -bound EmrE. The narrower line widths from solution NMR enabled both populations to be observed in the spectra; however, these two chemical shifts were generally similar with only slight differences between the two monomers present in the TPP ϩ -bound form (8 -10) . The chemical shift index is consistent with a structured linker and is in agreement with the chemical shifts observed for loop-3 in the homologous protein Smr from Staphylococcus aureus (61) . Specifically, Leu 85 and Pro 86 have downfield 13 C ␣ chemical shifts characteristic of helix (57), whereas the shifts for Phe 79 to Asp 84 are consistent with non-helical chemical shifts. This indicates that the TM4 helix begins at Leu 85 .
The assigned chemical shifts for residues 72-87 in the drugfree form of EmrE and residues 77-87 in the TPP ϩ -bound form were used as the input for converting chemical shifts to dihedral angles using the TALOSϩ software package (62) . The resulting secondary structure plot is shown in Fig. 5, C and D, and supports the presence of similar dihedral angles consistent with a ␤-strand for residues 81 through 84. A plot of the random coil index-predicted order parameters is shown in Fig. 5 , E and F, and indicates a similar dip around the linker region (63, 64) . Although these S 2 values are slightly lower than those of the TM domain residues, values between 0.7 and 0.8 suggest that the loop is relatively ordered on the picosecond to microsecond timescale (64) . Overall, these results are in agreement with the TPP ϩ -bound x-ray structure of EmrE (7) as TM3 helix ends at Gly 77 and the loop is composed of residues 78 -84. Nevertheless, a complete understanding of the stabilizing forces needed to maintain the structure of loop-3 will require a higher resolution structure of EmrE in the drug-free or drug-bound forms.
Loop-3 Length and Residue Composition Are Required for Resistance-Our atomic-scale characterization of the loop coupled with the bioinformatics analyses suggests that the loop length and residue type are conserved to carry out transport of substrates across the membrane. To further validate this hypothesis, we engineered mutants of EmrE to alter the nature of loop-3 and measured the resistance phenotype relative to the wild-type protein. E. coli was freshly transformed with plasmids containing wild type and mutants of EmrE and added to LBagar plates in 10-fold serial dilutions to monitor the ethidium resistance phenotype conferred by the transporter. To probe whether the linker length was conserved, we inserted 6 Gly residues between Gln 81 and Arg 82 (referred to as 6G-RLD). In addition, the importance of the loop composition was analyzed by preparing single-site mutants (Q81G, R82G, L83G, and D84G), a double mutant (L83G/D84G), and a triple mutant of EmrE (R82G/L83G/D84G referred to as GGG mutant). Note that the 6G-RLD construct contained all of the native loop residues, whereas the GGG mutant replaced the wild-type sequence with flexible amino acid residues. The corresponding ethidium resistance assay ( Fig. 6B) showed that wild-type EmrE, Q81G, R82G, and D84G did not alter function as indicated by the ability to confer resistance to the host organism up to a dilution factor of 10 Ϫ5 . The fact that the R82G mutant conferred resistance is consistent with the sequence homology analysis that showed variable amino acid substitutions at this position across the SMR family. To the contrary, the L83G, 6G-RLD, and GGG mutants showed no resistance relative to the control (EmrE plasmid containing no ribosome-binding site). These results emphasize the necessity of a central hydrophobic residue within loop-3 for conferring resistance and the conservation of linker length. The absence of a change in resistance phenotype observed for Q81G and D84G mutants suggests that the possible hydrogen bond identified from the crystal structure and bioinformatics analysis would not alone be sufficient to stabilize the structure. To determine whether there was an additive effect of the hydrophobic position with either of the possible hydrogen bond residues, we prepared a double L83G/ D84G mutant. We observed only a small difference (Ͻ10-fold) between L83G/D84G and L83G, which confirmed that the hydrogen bond is not the primary stabilizing force within (69, 70) . C and D, using the backbone chemical shifts of loop-3, the dihedral angles of this loop were calculated using TALOSϩ (62) for both drugfree EmrE (C) and TPP ϩ -bound EmrE (D). Residues 81 through 84 have dihedral angles characteristic of ␤-strand. E and F, random coil index-predicted order parameters, S 2 , for loop-3 show that the loop is relatively ordered in both the drug-free (E) and the TPP ϩ -bound (F) states (63, 64) . 
DISCUSSION
EmrE has a unique architecture that consists of two antiparallel and asymmetric monomers where the helices in each protomer are arranged in a linear fashion (Fig. 7) . This assembly enables conformational switching between inward-open and outward-open states that is necessary for transport of substrate or protons across the cellular membrane (i.e. alternating access model (9, 10, 13, 65) ). The EmrE dimer requires both protein dynamics within the substrate-binding chamber (TM1-3) and stability of the quaternary arrangement for transport. Based on the structural models (7, 13) , evolution appears to have satisfied the latter criterion through the incorporation of TM4 to maintain dimer strength (7, 13, 14, 16, 50) . In this work, we provide direct support for this model by showing that an EmrE construct lacking TM4 has a strong tendency to aggregate, which supports the contention that the quaternary architecture stabilizes the tertiary structure. Due to the importance of TM4 as the anchor point of EmrE, we tested the hypothesis that the loop adjoining the substrate-binding region with the dimerization domain played an active role in transport. Our chemical shift data obtained in lipid bilayers and bicelles support this notion and unveiled a key feature of the linker between TM3 and TM4 that consisted of ␤-strand secondary structure. Interestingly, solution NMR data for loop-3 of the homologous protein Smr from S. aureus were also indicative of a ␤-strand structure, suggesting a conserved feature in the SMR family (61) . To validate our structural work, we carried out resistance assays using engineered mutants of EmrE within loop-3 that showed the linker structure was required for ion-coupled transport and the conferred phenotype. In fact, replacement of the native RLD primary sequence with 3 Gly residues completely abolished resistance. Likewise, the addition of 6-Gly residues within the linker resulted in no conferred phenotype, suggesting that the length of loop-3 was also conserved.
The conformation of loop-3 highlights the atomic-scale properties necessary for linking the dimerization domain with the substrate-binding region. We propose that the reason for the linker length and composition conservation is due to the need to limit flexibility in the loop with a centrally placed hydrophobic residue. Additionally, a hydrogen bond between Gln 81 and Asp 84 may play a secondary role in stabilizing the loop conformation. These interpretations are supported by the C␣ model of EmrE bound to TPP ϩ (7), the residue conservation at position 83 (Fig. 2B) , a correlated mutational analysis of loop-3 (Fig. 2D) , and the lack of resistance provided by the L83G, L83G/D84G, GGG, and 6-Gly mutants. Note that the L83G, L83G/D84G, and GGG mutant disrupted the central hydrophobic residue. To the contrary, the 6 Gly insertions after residue 81 both increased the distance between positions 81 and 84 and introduced greater flexibility into the loop that Leu 83 may no longer be able to stabilize. In addition, the 6-Gly mutant data imply that intrahelical contacts between TM3 and TM4 alone are insufficient to couple the dimerization and substrate-binding domains. Indeed, the spatial proximity of TM3 and TM4 is mediated by the presence of a short and structured linker that allows for the functional association between the TM helices ( Fig. 7) .
Sequence homology analysis also supports the conclusion that the residue composition and length are conserved across the SMR family. In agreement with the multiple sequence alignment for SMR transporters, Arg 82 is variable and replacement with Gly resulted in no change in resistance relative to wildtype EmrE. This finding is also interesting in light of the fact that single positively charged side chain substitutions have been shown to influence the single or dual topology nature of EmrE (17) . Our results show that a single substitution at Arg 82 had no major effect on the dual topology of EmrE. This also indicates that no essential salt bridge exists between the side chains of Arg 82 and Asp 84 and is consistent with previous mutagenesis studies on EmrE at position 82 (R82C and R82K) that failed to perturb the ethidium resistance phenotype (14, 66 -68) . The only mutations that altered the phenotype were those that disrupted the central hydrophobic residue.
As a quantitative way to compare our NMR-derived dihedral angles to the TPP ϩ -bound crystal structure (3B5D), we constructed peptides using the experimental values in Fig. 5 and calculated root mean square deviations with the x-ray structure of EmrE. The drug-free state was found to give C ␣ root mean square deviations of 2.4 Å (monomer A) and 2.3 Å (monomer B), whereas the peptide built from the TPP ϩ -bound dihedral angles had root mean square deviation values of 2.1 Å (monomer A) and 2.2 Å (monomer B). These calculations support the conclusion that the loop-3 structure in lipid bilayers is in general agreement with that in the crystal structure, but further emphasizes the need for a higher resolution structure of the transporter. In addition, a comparison of the dihedral angles between the drug-free and TPP ϩ -bound states shows the same overall trend with only a few subtle differences that may be associated with the helical bending within TM3 at the Gly 65 -Val 66 -Gly 67 sequence (8, 14) . Nevertheless, the primary change upon TPP ϩ binding is to slow the rate of inward-open to outward-open conformational exchange (9) . Although the binding of other substrates may elicit altered structural dynamics (60), it appears that the plastic nature of the drug-free state encodes FIGURE 7. Loop-3 is responsible for coupling substrate binding with dimerization. Model depiction showing that the loop between TM3 and TM4 is responsible for holding the substrate-binding domain (TM1-3) close to the dimerization domain (TM4). When the loop is too flexible or too long, this necessary coupling is lost, and the transporter becomes ineffective. A rebuilt model of the x-ray crystal structure (3B5D) was used to generate the schematic (7) . multidrug recognition and the conferred multidrug resistance phenotypes (9) .
In summary, our findings offer a structure-function perspective on the role of a key loop in EmrE that enables transport by holding the dimer together in a specific conformation. The structured loop identified between TM3 and TM4 is likely conserved across the SMR family and plays a critical role in coupling the dimerization and substrate-binding domains necessary to enable ion-coupled transport. Future studies will seek to further unravel an atomic-scale picture of the transport process including the conformational transition accompanying proton and drug efflux that will be compared with other proteins present from different secondary active transport families.
